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Distyly is a rare polymorphism characterized by short-styled [S] and long-styled [L] floral morphs. It has been hypothesized to reduce the gender
conflict inherent in hermaphrodite flowers. In particular, the reciprocal arrangement of male and female parts promotes precise pollen transfer between
morphs, and the heteromorphic incompatibility system that is associated with distyly can eliminate uniparental inbreeding depression. We studied the
syndrome of floral traits associated with distyly in Sebaea grandis, a perennial herb common in South African grasslands. Flowers have the reciprocal
reproductive organ arrangement characteristic of the distylous syndrome, and L- and S-morphs occurred at equal frequencies in the two populations that
were studied. S- and L-morph flowers did not differ significantly in size, although the S-morph produced larger pollen grains and pollen exine
sculpturing differed between the two morphs. Approximately 80% of the pollen deposited on the stigmas of either morph was legitimate (intermorph),
suggesting that distyly in this species promotes cross-pollination. A controlled pollination experiment suggests that S. grandis possesses a heteromophic
incompatibility system: no fruits were produced following intramorph pollinations, whereas intermorph pollinations resulted in 70% of flowers setting
fruit. Fluorescencemicroscopy revealed clear differences amongmorphs in the site of incompatibility. Intramorph pollen grains did not grow beyond the
stigmatic surface of the L-morph, and growthwas arrested in the stylar canal of the S-morph, while intermorph pollen grains germinated on the stigmatic
surface, grew through the stylar canal and entered the ovary. This study demonstrates that S. grandis displays the morphological traits and genetically
controlled incompatibility system associated with heterostylous plants.
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Distyly is a genetically controlled breeding system that is rel-
atively rare in the angiosperms (Ganders, 1979; Barrett, 1990).
Distylous species are polymorphic, producing floral morphs that
differ principally in the arrangement of male and female repro-
ductive parts. Long-styled flowers (L-morph) have the stigmas
placed above the anthers, whereas short-styled flowers (S-morph)
show the opposite arrangement with stigmas below the anthers.
Associated with these primary, morphological differences, many
distylous species also exhibit a variety of ancillary polymorphisms
usually involving pollen and stigmatic features (Dulberger, 1992;⁎ Corresponding author. Tel.: +1 912 478 0848; fax: +1 912 478 0845.
E-mail address: wolfe@georgiasouthern.edu (L.M. Wolfe).
0254-6299/$ - see front matter © 2009 SAAB. Published by Elsevier B.V. All righ
doi:10.1016/j.sajb.2009.07.014Wolfe, 2001). In addition to morphological features, many
distylous species possess a heteromorphic incompatibility sys-
tem preventing fruit formation following intramorph pollina-
tions, including self-pollination (Barrett, 1990). Thus, only
cross-pollination between different morphs results in the pro-
duction of offspring. It is generally accepted that the reciprocal
floral arrangement promotes cross-pollination through differen-
tial placement of pollen on pollinator bodies (Darwin, 1877;
Barrett, 1990; Wolfe and Barrett, 1989). Debate continues over
whether the reciprocal floral morphology is more likely to have
evolve before (Darwin, 1877; Lloyd andWebb, 1992) or after the
genetic incompatibility system (Charlesworth and Charlesworth,
1979).
Sebaea grandis (Gentianaceae, Fig 1A) is a herbaceous
perennial occurring in grasslands of southern Africa (Marais
and Verdoorn, 1963). Although reported to be heterostylousts reserved.
Fig. 1. Sebaea grandis flowers: (A) top view of the perianth of S-morph flower
(left) and L-morph flower (right); (B) cross-section of S-morph flower (left) and
L-morph flower (right). Abbreviations: a = anther, ap = anther appendage, s =
stigma. Scale bars: A=10 mm, B=5 mm.
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species exhibits features of the classical distylous syndrome.
The primary aim of this study was to quantitatively study the
reproductive biology of S. grandis in order to evaluate its
breeding system. We specifically addressed the following
questions. 1) What is the frequency of floral morphs in natural
populations? 2) Does S. grandis exhibit a heteromorphic, intra-
morph incompatibility system? 3) How do the morphs differ
in primary (e.g. stamen and pistil arrangement) and secondary
(e.g. pollen size and production) features?2. Materials and methods
2.1. Study site and study species
This study was conducted primarily at Vernon Crookes
Nature Reserve (hereafter VCNR) (30°16′1.09″S; 30°36′36.96″
E, 465 m) in KwaZulu-Natal, South Africa from February to
April 2007. VCNR is 2139 ha and contains a mosaic of coastal
evergreen forest, bush and grassland. Additional observations of
morph ratios and fruit set of S. grandisweremade above the town
of Clarens (28°30′47.98″S; 28°24′55.58″E, 1912 m) in the Free
State Province of South Africa.
S. grandis is a common element in the grasslands at both of
these sites (Marais and Verdoorn, 1963). This species is peren-
nial and individuals produce 1–5 flowers that remain in anthesis
for several days. Previous qualitative studies in the literature
have reported that the morphs differ in size of stigmatic papillae(Hill, 1908; Vogel, 1955) and pollen grains (Ornduff, 1974), and
stamen structures (Pole Evans, 1929; Ornduff, 1974).
2.2. Floral morph frequency
The relative abundance of the L- and S-style morphs was
determined at two sites 1 apart in the VCNR population on Feb-
ruary 10, 2007, which was approximately the time of peak
flowering, and on 11 April 2009 in the Clarens population. All
flowering plants located within 2m of two transects running
through these populations were recorded.
2.3. Floral measurements
Floral measurements were taken with hand-held digital
calipers from 50 randomly collected flowers of each morph.
Plants were collected in the field, kept in water and transported to
the laboratory at UKZN. The following measurements were
taken: 1) flower diameter (widest distance across perianth limb),
2) floral tube length, 3) petal width, 4) pistil length (distance
between the base of ovary and stigma), 5) anther position (dis-
tance between base of ovary middle of anther), and 6) the length
of the ovary, stigma, and a single anther.
2.4. Ancillary polymorphisms
The average number of pollen grains produced by the two
floral morphs was estimated by collecting 10 L-morph and 12
S-morph plants with mature unopened buds and placing them in
water in the laboratory. As soon as the flowers opened, the
undehisced anthers were collected and placed into individual
microcentrifuge tubes. Pollen production was estimated using
the technique described by Massinga et al. (2005).
To compare the pollen sizemorphology between the two floral
morphs, flowers thatwould open the following daywere collected
in the field and brought to the laboratory. The following day,
freshly dehisced anthers of each morph were brushed against
electron microscope stubs. Pollen grains were examined for dif-
ferences in exine sculpturing and in the dimensions of their po-
lar and equatorial axes between the two floral morphs using a
Phillips XL 30 environmental scanning electron microscope, af-
ter coating the pollen grainswith gold and palladium using a SEM
coating unit E 5100 (Polaron Equipment Ltd.).
The anthers of both morphs have small structures associated
with them that might function as glands (Hill, 1908). The mor-
phology of the stigma and the anther glands was examined in
three flowers from each floral morph. Stigmas, including a large
part of the style, and anthers were fixed for 48 h in a fridge in 3%
buffered glutaraldehyde. After this period the buffered glutaral-
dehyde was substituted by two 30 min washes of 0.05 cacodylate
buffer. The material was then dehydrated using an ethanol series
(30%, 50%, 70%, 80%, 90% and 3×100%) lasting 10 min per
series. After this period the material was critical point dried using
a Hitachi HPC-2 critical point dryer (Hitachi, Koki Co., Ltd.), and
subsequently examined under the scanning environmental elec-
tron microscope.
Fig. 2. Distribution of stamen and pistil lengths in distylous Sebaea grandis. The
dark bars represent measurements from the S-morph; light bars represent
measurements from the L-morph.
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Natural levels of stigmatic pollen loads were determined at
peak flowering. Flowers were removed in the field and carefully
transported to the laboratory where the stigmas were excised and
placed on a microscope slide containing fuchsin-glycerin jelly.
Compatible (intermorph) and incompatible (intramorph) pollen
loads could be distinguished by size differences with a light
microscope (see Results).
2.6. Breeding system
The breeding system of S. grandiswas investigated in the field
by controlled pollinations. Approximately 25 flower buds of each
morph were enclosed in fine mesh bags prior to anthesis. Once
flowers had opened, a single anther-load of pollen was applied
to the stigma. The donor anther came either from another plant of
the same morph (intramorph pollination) or from the opposite
morph (intermorph pollination). Anthers were collected immedi-
ately before pollinations were conducted from flowers that were
not receiving pollen; these anthers were kept in a closed plastic
container during transportation. The maximum amount of time
between collection of anther and pollen application was 30 min.
Following pollinations, the flowers were again enclosed in mesh
bags and fruits collected about three weeks later.
2.7. Pollen-tube growth
To identify the site of incompatibility, plants with mature buds
were collected in the field and placed in water in the laboratory
and using the technique outlined in Massinga et al. (2005). When
sufficient flowers had opened, 10 flowers of each morph were
selected, and inter- or intramorph pollen placed on their stigmas.
After 48 h the style was excised just above the ovary and fixed
in FAA (formalin, acetic acid and alcohol) solution. Styles were
removed and rinsed in water after 48 h and then incubated in a
4 N NaOH solution for 36 h. The NaOH solution was then re-
placed with tap water for 24 h. After this period the styles were
placed into a 1% solution of aniline blue for 18 h. The plant
material was then mounted on microscope slides containing a
drop of a 1% solution of aniline blue, and the pollen tubes exam-Table 1
Floral traits of Sebaea grandis.
Character Dimension (mm) t-test
L-morph S-morph
Petal width 12.42±0.43 11.83±0.44 0.34ns
Flower diameter 33.42±1.17 33.20±1.91 0.89ns
Flower tube length 28.39±1.7 30.27±2.21 0.68ns
Pistil length 13.14±0.36 7.66±0.36 10.63***
Anther position 7.52±0.29 13.79±0.30 14.73***
Ovary length 3.54±0.17 3.69±0.17 0.54ns
Stigma length 4.98±0.18 2.88±0.18 7.91***
Anther length 2.54±0.097 2.93±0.099 2.76**
Values are means±s.e. N=30 flowers per morph. Significance levels: ns = not
significant; **Pb0.01; ***Pb0.0001.ined using a Olympus Provin AX70 fluorescent microscope
(wavelength=365 nm).
3. Results
3.1. Floral morph frequency
Both floral morphs were present in the two sub-populations
sampled at VCNR.Although a slight bias was evident towards the
L-morph (Site 1: L=52, S=47; Site 2: L=97, S=71), the ratio for
the total population did not deviate significantly 1:1 (L=149,
S=118; X2=3.59, Pb0.0578). At Clarens we recorded 25 L-
morph plants and 25 S-morph plants along the transect, giving the
expected 1:1 ratio.Table 2
Pollen characteristics of Sebaea grandis.
Character L-morph S-morph t-test
Pollen production (/flr) 208,958±12,990 (12) 301,187±32,522*(8) 3.00**
Polar axis (μm) 18.51±0.15 (35) 21.22*±0.22 (35) 9.94***
Equatorial axis (μm) 10.70±0.10 (35) 12.38*±0.16 (35) 8.56***
Exine morphology Verrucate Reticulate
Gland pattern Wavy Linear
Values are means±s.e. Significance levels: ns = not significant; **Pb0.01;
***Pb0.0001.
Fig. 3. Details of the morphology of Sebaea grandis flowers: (A) exine sculpturing of a S-morph pollen grain; (B) exine sculpturing of a L-morph pollen grain;
(C) papillae of a S-morph stigma; (D) papillae of a L-morph stigma; (E) external sculpturing pattern on individual gland cells from the S-morph; (F) external sculpturing
pattern on individual gland cells from the L-morph.
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The flowers of S. grandis display the reciprocal organ ar-
rangement typical of the distylous syndrome. The stigmas and
anthers of one morph are in approximately the same position as
the opposite sex structure in the other morph such that one set of
organs is approximately 7.5 mm from the base of the flower while
the other one is set about 6 mm higher (Table 1; Figs. 1 and 2). S-
and L-morph flowers did not differ significantly in perianth size
(width and length; Table 1).
3.3. Ancillary polymorphisms
Pollen grains of the two morphs differed significantly in size
and number per anther (Table 2). Flowers of the S-morph producegreater numbers of pollen grains than the L-morph (~301,000 vs.
209,000; Table 2). In addition, the S-morph pollen grains are both
longer and wider than those of the L-morph (Table 2). Exine of
the L-morph is verrucate whereas exine of the S-morph is retic-
ulate (Fig. 3A–B). There were no noticeable differences between
morphs in the morphology of the stigmatic papillae (Fig. 3C–D).
The surface of epidermal cells of the anther glands of L-morph
appeared to be more rugose than those of the S-morph (Table 2;
Fig. 3).
3.4. Stigmatic pollen loads
Although very few pollinators were observed in the field, most
flowers had pollen present on their stigmas. There was no sig-
nificant difference between the morphs in total number of pollen
Fig. 4. Relative extent of pollen-tube growth in stigmas of Sebaea grandis following intramorph cross- and intermorph cross-pollination. (A) L-morph stigma lobes
after intermorph pollination with well-developed pollen tube; (B) L-morph stigma lobes after intramorph pollination. Fluorescent patches on the stigma surface are
sites where pollen grains attached prior to the washing process, but there is no evidence of pollen-tube growth; (C) S-morph stigma lobes after intermorph pollination
with well-developed pollen tubes; (D) S-morph stigma lobes after intramorph pollination with pollen tubes arrested in the stylar canal.
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of the total load that was legitimate (intermorph) between S- and
L-morphs (S=83.1%; L=76.1%, t=1.10, ns).
3.5. Breeding system
S. grandis appears to have a heteromorphic incompatibility
system as no fruits were produced following intramorph polli-
nations. In contrast, fruit production resulting from intermorph
pollinations was significantly greater (S=70%, L=75%). The
probability of fruit production was independent of morph
(X2=0.217, P=0.642) but differed significantly between pollen
types (X2=26.70, P=0.0001; df=37).
Natural fruit set was relatively high in S. grandis with the
median percentage of flowers setting fruit at the Clarens site
for L-morph 100% (n=6) and 83% for S-morph plants (n=8;
Mann Whitney U test, U=20.5, P=0.57).
3.6. Pollen-tube growth
Fluorescence microscopy revealed clear differences between
morphs in the site of incompatibility (Fig. 4). Legitimate
inermorph pollen grains germinated on the stigmatic surface,
grew through the stylar canal and entered the ovary (Fig. 4A,C).
In contrast, illegitimate, intramorph pollen grains did not grow
beyond the stigmatic surface of the L-morph (Fig. 4B) and growth
was arrested in the stylar canal of the S-morph (Fig. 4D).4. Discussion
Our observations confirm that populations of S. grandis are
distylous and consist of two floral morphs characterized by the
reciprocal arrangement of anthers and stigmas. In addition to
diagnostic sex organ polymorphism, the S- and L-morphs also
differed in a suite of ancillary traits including the size of indi-
vidual pollen grains, the number of grains per anther, as well as
the surface structure of pollen grains and the floral glands.
S. grandis has a heteromorphic incompatibility system that
does not enforce outcrossing by limiting successful matings
to those that occur between morphs. No fruit is produced from
intramorph crosses. The site of incompatibility differs between
the morphs with pollen-tube growth being arrested on the
stigma in the L-morph and in the style for S-morph. These are
the same incompatibility sites reported for Pentanisia in the
Rubiaceae (Massinga et al., 2005). However, in many other
distylous species, pollen tubes stop growing on the stigma of the
S-morph and in the style of the L-morph (e.g. Dulberger, 1992).
Darwin (1877) was the first to emphasize the adaptive sig-
nificance of the heterostylous syndrome for efficiency of pollina-
tion. He reasoned that pollen from the different levels of anthers
would be differentially placed on parts of pollinator bodies and
thus be more likely to come in contact with a ‘legitimate’ stigma,
corresponding to anthers of the same height in the opposite morph.
Very few studies have examined the idea that pollen from differ-
ent anther levels is indeed located on different body parts (Wolfe
790 L.M. Wolfe et al. / South African Journal of Botany 75 (2009) 785–790andBarrett, 1989;Massinga et al., 2005). Manymore studies have
examined whether the floral polymorphism promotes legitimate
pollination. In order to quantitatively assess this it is necessary to
establish the null expectation for stigmatic pollen loads by taking
into account floral morph frequency and pollen production values.
When this is done for S. grandis we find that 46.7% of the
population pollen pool would derive from the L-morph and 53.3%
from the S-morph. Yet, the legitimate fraction of stigmatic pollen
loads exceeds 76% under natural field conditions. Thus, the recip-
rocal sex organ arrangement does seem to result in greater than
expected levels of deposition of heteromorphic pollen.
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